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Line-mixing effects are studied in infrared bands of CH4 perturbed by N2 at various pressures. The
effects of temperature are investigated in the n3 region whereas spectral shapes of the n2 , n4 , and
n3 bands are compared at room temperature. The theoretical approach proposed in preceding papers
is used in order to model and analyze the influence of collisions on the spectral shape. All model
parameters are now fixed to values determined in the previous studies. Comparisons between
measurements and spectra computed with and without the inclusion of line mixing are made. They
show that our approach satisfactorily accounts for the effects of temperature, pressure, and of
rotational quantum numbers on the absorption by the n3 band. Furthermore, the effects of collisions
on spectra in the n4 region at room temperature are also correctly calculated. On the other hand, the
proposed approach fails in modeling the evolution with increasing pressure of absorption in the
spectral range containing the n2 band. This result is attributed to the Coriolis coupling between the
n2 and n4 vibrational states and to a contribution whose physical origin remains unclear. The latter,
which is negligible when CH4–He mixtures are considered, behaves as collision-induced
absorption. © 2000 American Institute of Physics. @S0021-9606~00!00736-4#I. INTRODUCTION
The present paper is the last of a series devoted to the
study of line-mixing effects on methane spectra. In the first
work,1 a model was proposed for the construction of the
relaxation matrix starting from state-to-state rates calculated
with a semiclassical approach. Comparisons were made with
infrared spectra of CH4–N2 mixtures in the n3 band at room
temperature. They showed that our approach satisfactorily
accounts for the influence of line coupling in wide pressure
and rotational quantum number ranges. This work was com-
pleted by a second study2 in which the pressure range was
extended up to 1000 atm and where collisions with He and
Ar were considered. This enabled the analysis of the effects
of mixing between different manifolds and branches and the
study of differences between spectral shapes obtained with
the two perturbers considered. The third paper3 was devoted
to the Raman Q branch of the n1 band.
The present work completes these studies by investigat-
ing the effects of temperature and of the vibrational transi-
a!Author to whom correspondence should be addressed. Electronic mail:
jean-michel.hartmann@ppm.u-psud.fr5770021-9606/2000/113(14)/5776/8/$17.00
Downloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstracttion. Measurements have been made for CH4–N2 mixtures in
a wide range of pressures. The n3 band is studied at various
temperatures between 200 and 300 K, whereas absorption in
the n4 and n2 regions is investigated at room temperature.
Calculations are made with the model developed previously
and no adjustable parameter. The comparisons between
measured and calculated spectra show that our approach ac-
counts for most effects of temperature and pressure on the
spectral shape in the n3 band. Furthermore, both the n4 and
n3 transitions are correctly predicted at room temperature,
but large discrepancies appear when the n2 region is consid-
ered for CH4–N2 mixtures. This failure is similar to what
was observed for CH4–Ar in Ref. 4. It might result from the
effect of the strong Coriolis coupling between the n2 and n4
bands and from the contribution of collision-induced absorp-
tion processes.
The remainder of the paper is organized in four sections.
The measurements, the theoretical model, and the data used
are briefly described in Sec. II. The influence of temperature
in the n3 band is studied in Sec. III. Results obtained in the
n4 region are presented in Sec. IV, and the case of the n2
band is discussed in Sec. V.6 © 2000 American Institute of Physics
. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
5777J. Chem. Phys., Vol. 113, No. 14, 8 October 2000 Line mixing in methane. IVFIG. 1. Measured and calculated absorption in the n3
band for CH4–N2 at two temperatures and the same
density of ’72 Am. d are measured values, whereas
and have been calculated with and with-
out the inclusion of line mixing, respectively. ~a! 200 K
and 53 atm; ~b! 300 K and 79 atm.II. MEASUREMENTS, THEORETICAL MODEL, AND
DATA USED
A. Measured spectra
The spectra used in the present work have been recorded
with the setups and procedures described in Ref. 1. In the n3
region, they include temperature-dependent ~200–300 K!
measurements made at low pressure ~,2 atm! with a high-
resolution Fourier transform instrument and a tunable differ-
ence frequency spectrometer, as well as recordings at higher
density ~25–100 atm! obtained with a 0.1 cm21 resolution
Fourier transform spectrometer ~FTS!. The n4 and n2 regions
have been investigated at room temperature for pressures
above 15 atm. In all measurements, highly diluted mixtures
have been used, making the contribution of CH4–CH4 colli-
sions to the spectral shape negligible. The quantity deduced
from measurements and presented in the following is
a(s ,T ,dCH4,dX)/dCH4 where a(s ,T ,dCH4,dX) is the absorp-
tion coefficient at wave number s for a CH4–X mixture at
temperature T with densities dCH4 and dX (dCH4!dX).
B. Theoretical model and data used
The theoretical approach used here is identical to that
presented in Refs. 1 and 2, where all needed equations are
given.
The spectroscopic data used have been taken from the
HITRAN database.5 The line-broadening parameters for
CH4–N2 and their temperature dependences have been de-
rived from both experimental and theoretical results as ex-
plained in Ref. 2. The off-diagonal elements of the relaxation
matrix are constructed, as before, from state-to-state rates
and a few empirical parameters A(X ,Y ) @see Eqs. ~2!–~7! of
Ref. 2#. The latter have been deduced previously from ab-
sorption in the n3 band at room temperature. In the follow-
ing, we assume that these parameters do not depend on the
temperature and that all the temperature dependence of the
line-coupling terms is contained in the state-to-state rates
@Eq. ~2! of Ref. 2#. The latter have been computed for a set of
values between 200 and 300 K, as explained in Ref. 1. Fur-Downloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstractthermore, we also assume that the A(X ,Y ) parameters do not
depend on the vibrational band considered. Hence, all the
empirical parameters of our model are fixed to values previ-
ously determined in the n3 band at room temperature. The
comparisons between measured and computed spectra pre-
sented thereafter thus use no adjustable quantity and are a
significant test of the model consistency. Note that since de-
FIG. 2. Evolution of relative deviations between measured and computed
spectra in the n3 band with temperature for a total density of ’72 Am.
and have been calculated with and without the inclusion of
line mixing, respectively. ~a! 200 K and 53 atm; ~b! 250 K and 66 atm; ~c!
300 K and 79 atm.. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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Refs. 1 and 2, it is not repeated here.
III. THE n3 BAND AT DIFFERENT TEMPERATURES
Comparisons between measured and computed CH4–N2
spectra in the n3 band at high pressure for various tempera-
tures are made in Figs. 1 and 2. The density d in amagat
~Am! units is defined by the ratio of the molecule number
densities under the considered conditions and at standard
temperature and pressure ~STP!. For a perfect gas, it is re-
lated to pressure P ~in atm! by d(Am)5P(atm)3273/T ~K!.
They show that line-mixing effects remain qualitatively simi-
lar regardless of temperature, and that predictions with our
line-mixing model are satisfactory both in the central and
wing regions of the band. In all cases, neglecting line cou-
pling leads to a strong overestimation of the widths of the
spectral features ~Q branch, P and R manifolds! and of ab-
sorption in the troughs, as observed previously.1,2 The main
quantitative differences between spectra at 200 and 300 K
are due to the evolution of line intensities with increasing
temperature which results in the decrease of absorption in the
central region ~low J lines! and increase of the wings ~high J
lines!. As a result, the relative contribution of nearby transi-
tions to absorption in the troughs between high rotational
quantum number P and R lines is reduced at low tempera-
FIG. 3. Measured and calculated absorption in the R(10) manifold of the n3
band for CH4–N2 at two temperatures and the same density of ’1.84 Am.
d are measured values, whereas and have been calculated
with and without the inclusion of line mixing, respectively. ~a! 300 K and
2.01 atm; ~b! 195 K and 1.31 atm.Downloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstractture. This emphasizes the strongly sub-Lorentzian behavior
that results from the far wings of the low J intense lines as
shown in Fig. 2.
The influence of temperature on the shapes of manifolds
at low pressure is illustrated in Figs. 3 and 4. These show
that our approach leads to satisfactory results for the R(10)
manifold, whereas this is not the case for the R(14). This
result can have two explanations. The first is that the tem-
perature dependence of the half-width of these lines, which
has not been studied and is a ‘‘guessed’’ value,5 might be
wrong. The second is that the temperature dependence of the
line-coupling elements themselves is expected to be very ap-
proximate. This is likely particularly the case for the high J
lines for which use of semiclassical state-to-state rates is
highly questionable.
Note that a further test of our model at low temperatures
has been made in Ref. 6 using balloon-borne measurements
of stratospheric transmission. Comparisons between mea-
sured and computed spectra in the n3 band have confirmed
the quality of our approach under conditions involving air
masses at temperatures around 210 K.
IV. THE n4 BAND
Results obtained in the n4 band for total pressures of 25
and 100 atm are plotted in Figs. 5 and 6. They evidence, for
the first time, the influence of line mixing in this spectral
region. It is worth noting that our approach, whose param-
eters have been determined in the n3 band, satisfactorily pre-
dicts the absorption shape in the n4 region. This result justi-
fies the use of the same set of A(X ,Y ) parameters for both
FIG. 4. Same as Fig. 3 but for the R(14) manifold.. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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spect to calculations in the n4 band for CH4–N2 at
room temperature for total pressures of ~a! 25 atm; ~b!
100 atm.bands. This is expected since the relative dipole reduced ma-
trix elements ~line intensities! of the n3 and n4 transitions are
quite similar and almost unperturbed by any ~Fermi or Cori-
olis! coupling. Hence, the effects of line mixing are, again,
the narrowing of the spectral features, the enhancement of
peak absorptions, and a significant lowering of the band
wings. Nevertheless, there are quantitative differences be-
tween the shapes of the n3 and n4 bands for a given pressure,
which are due to the spectral distribution of the lines. This is
illustrated in Fig. 7, where spectra recorded in both regions
for the same total pressure of 50 atm are compared in ranges
including the P(12) to R(12) lines. This figure calls for two
remarks: the first is that the spectral extension of the n4 band
is significantly narrower than that of the n3 band. This is a
well-known consequence of the Coriolis coupling that affects
the energies of the n4 rotational levels;7 this reduces the
separation between P ~or R! lines of successive rotational
quantum number J from about 10 cm21 for slightly perturbed
bands ~e.g., n3! to about 5 cm21 for the n4 transitions. An-
other consequence is that, for the 50 atm pressure of Fig. 7
where line half-widths are of typically 2.5 cm21, the rota-
tional structure remains distinguishable in the n3 band
whereas it is masked by line overlapping in the n4 region.
The second remark is that, for the considered pressure, line
coupling has weaker effects on the high J R(J) manifolds of
n4 than on those of n3 . This is expected since the Coriolis
coupling that affects the n4 states leads to a larger spreading
of the energy levels of a given rotational quantum number J,
contrary to those of the n3 vibrational level which remain
closely spaced. Hence, the lines belonging to high J, P or R
manifolds are much more closely spaced in the n3 band than
in the n4 band and hence show more coupling for the same
pressure. The positions of the most intense R(10) lines, for
instance, are spread over less than 1 cm21 and about 10 cm21
in the n3 and n4 bands, respectively. Note that this does not
hold for the Q branches whose lines extend over a few wave
numbers in both bands and hence behave similarly under the
effects of collisions.Downloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstractV. THE n2 BAND
The proposed approach, which has, up to now, proved
successful in modeling the effects of collisions on the spec-
tral shape for CH4–N2 mixtures, is less successful for the
FIG. 6. Measured and calculated absorption in the Q and R branches of the
n4 band for CH4–N2 at room temperature for total pressures of ~a! 25 atm;
~b! 100 atm. d are measured values, whereas and have been
calculated with and without the inclusion of line mixing, respectively.. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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festations which have been pointed out previously in the case
of CH4–Ar.4
The first problem comes from a still-unidentified absorp-
tion structure which grows under the n2 band with increasing
perturber density when CH4–N2 mixtures are considered,
contrary to what is observed for CH4–He. This is demon-
FIG. 7. Comparison between spectra in the P(12) – R(12) range of the n3
and n4 bands for CH4–N2 at room temperature and a total pressure of 50
atm. Measured absorption is plotted together with relative deviations ~%!
with respect to calculations, where and have been calculated
with and without the inclusion of line mixing, respectively.Downloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstractstrated in Fig. 8, which shows that the helium broadened
band shape qualitatively behaves as that of the n3 band, i.e.,
the Q-branch peak decreases with increasing density,
whereas those of the P and R branches remain roughly con-
stant. On the other hand, the N2 broadened n2 band is carried
by a background that strongly increases with the perturber
density as has been observed previously for CH4–Ar.4 In
order to quantify this phenomenon, we have determined the
density normalized integrated intensity in the region between
1410 and 2000 cm21, i.e.,
S1410– 2000~dX!5
1
dCH4
3E
1410
2000
a~s ,dCH4,dX!ds , ~1!
where a(s ,dCH4,dX) is the absorption coefficient at wave
number s for a CH4–X mixture with densities dCH4 and
dX(dX@dCH4). The values obtained from measured spectra
for CH4–He and CH4–N2 are plotted in Fig. 9. Recall that, in
the absence of any CH4–X dimer, of neither collision in-
duced absorption nor far wing contributions, the value of
S1410– 2000 would simply be given by the sum of the inte-
grated intensities Sl of the lines l centered in the considered
spectral range, i.e.,
S1410– 2000
0 5S1410– 2000~dX→0 !5 (
s l51410
s l52000
Sl . ~2!
Use of the spectroscopic data given in the HITRAN data base
gives the value S1410– 2000
0 51.70 cm22/Am, which is consis-
tent with the zero density intercepts in Fig. 9. With increas-
ing density, the results obtained for the two perturbers are
very different. For CH4–He, S1410– 2000 is basically indepen-
dent of dHe , indicating that absorption is dominated by the
contribution of the local allowed transitions. For CH4–N2 ,
on the contrary, the increasing ‘‘background’’ observed in
Fig. 8 leads to a strong linear increase of S1410– 2000 with a
slope of about 0.013 cm22/Am2. The physical mechanism
responsible for this phenomenon is not clear, and, unfortu-
nately, due to a second problem which is discussed in the
next paragraph, we have not been able to deduce the shape ofFIG. 8. Measured absorption coefficients in the n2 re-
gion for mixtures with He ~ ! and N2 ~ !
under various total pressures of ~a! 60 atm; ~b! 120 atm;
~c! 300 atm.. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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local lines from measured data. Nevertheless, three different
processes may be responsible for this integrated intensity
that grows linearly with increasing perturber density when
collisions with Ar and N2 are considered and is absent when
He is considered. ~i! The first reason that can be invoked is
the contribution of the far wing of the nearby intense n4
band. This is unlikely when considering the results in Fig.
10, where experimental data are compared with calculations
in which line mixing between the n4 lines has been ac-
counted for. Indeed, the theoretical results, which are vali-
dated by their precision in the central and near wing regions
of the n4 band, indicate that the contribution of far wings is
negligible below the n2 band and cannot explain the
‘‘anomalous’’ absorption in the 1400–2000 cm21 range. ~ii!
The second possibility is the contribution of allowed transi-
tion of CH4–X complexes. This explanation is consistent
with the fact that no anomalous absorption is observed for
CH4–He. Indeed, since the well of the methane–X interac-
FIG. 9. Integrated intensity @see Eq. ~1!# in the 1410–2000 cm21 spectral
region versus perturber density. d and s have been obtained from mea-
sured spectra for CH4–N2 and CH4–He, respectively. gives the value
predicted using Eq. ~2! and the HITRAN database line intensities ~1.7
cm22/Am!, whereas is the linear fit ~slope 0.013 cm22/Am2! of the
CH4–N2 results.Downloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstracttion potential is very shallow for X5He, contrary to X5N2
and Ar, much fewer dimers are expected to be formed. Un-
fortunately, although CH4–X van der Waals molecules have
been the subject of numerous studies ~e.g., Ref. 8 and those
cited therein!, there is, to our knowledge, no data on this
subject in the spectral region considered here. Furthermore,
the question of the amount of complexes under the present
experimental conditions should also be solved. ~iii! Finally,
collision-induced absorption ~or double transitions! may also
be an explanation that is consistent with the results of Fig. 9.
Unfortunately, the studies dealing with this problem in meth-
ane are limited to the rototranslational part of the spectrum
which lies below 600 cm21 ~e.g., Refs. 9–11 and those cited
therein!. Although this needs confirmation, collision-induced
absorption in the n2 region is likely dominated by the N2
quadrupole-induced dipole since the n2 band is Raman ac-
tive.
Besides the unexplained increasing background contri-
bution observed for CH4–N2 , the shape of the n2 band itself
causes a second problem that was also observed previously
for CH4–Ar.4 Indeed, even after a rought ‘‘empirical’’ re-
moval of the background contribution, calculations of the
band shape with our approach fail. The background B(s)
has been modeled by a straight line B(s)5as1b whose
parameters a and b are chosen such that calculated and mea-
sured absorptions are identical on the sides of the n2 band,
near 1400 and 1700 cm21. For instance, the predicted Q
branch is much too narrow at elevated density, even when
line-mixing effects are disregarded, as is demonstrated in
Fig. 11. For a further demonstration of this effect and quan-
titative comparison between different bands, we have deter-
mined the effective broadening parameters geff of
N2-broadened Q branches in the n2 , n3 , and n4 bands at
room temperature. This was done using measured and calcu-
lated spectra by determining the Q branch half-width at mid
height GQ(d) for different perturber densities d. A fit of
GQ(d) by a linear law then gives the effective broadening
coefficient geff as explained in Eq. ~17! of Ref. 1. The values
obtained, given in Table I, clearly show the specificity of the
n2 band, whereas the n3 and n4 transitions have similar be-FIG. 10. Measured and calculated absorption in the n4
and n2 bands for CH4–N2 at room temperatures and the
pressure of 100 atm. d are measured values, whereas
and have been calculated including all
lines and those of the n4 band only, respectively.. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions
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nations to this failure of our approach in the n2 band. The
first, if the background contribution discussed above is due
to collision-induced absorption, might be modification of the
shape of allowed transitions due to interferences between the
allowed and induced lines. This ‘‘intracollisional interfer-
ence’’ process,12 which has been neglected in our calcula-
tions, has been observed in HD spectra13 where it results in
large modifications of the line shapes. However, to interfere
the induced dipole and allowed dipole have to have the same
angular symmetry. The second reason lies in the effects of
the Coriolis coupling between the n2 and n4 levels, which is
incorrectly accounted for by our model. Indeed, the relax-
ation operator elements that couple lines have been con-
structed on the basis of the lower states only, neglecting any
influence of the upper vibrational levels involved.1 This,
which seems reasonable for slightly perturbed bands, is
likely a crude approximation for the n2 transition. Further-
FIG. 11. Measured and calculated absorption in the n2 band for CH4–N2 at
room temperature for total pressures of: ~a! 50 atm; ~b! 200 atm. d are
measured values from which the background contribution has been empiri-
cally removed; and have been calculated with and without the
inclusion of line mixing, respectively.
TABLE I. Effective N2 broadening parameters ~cm21/atm! of the Q branch
of the n2 , n3 , and n4 bands of CH4 at room temperature ~see the text!.
Measured
Calculated
line mixing
Calculated
no line mixing
n2 0.07 negligible 0.055
n3 0.032 0.036 0.055
n4 0.035 0.036 0.055Downloaded 03 Sep 2013 to 161.111.22.173. This article is copyrighted as indicated in the abstractmore, calculations assume that all off-diagonal relaxation
matrix elements are negative and that the dipole reduced ma-
trix elements are hence all positive. Again, this is true for
unperturbed transitions but breaks down when the Coriolis
coupling induces large changes in the line intensities. An
example is given for CO2 in Ref. 14 and it is clearly also the
case in the n2 band which should be forbidden in the infrared
and only exists due to the coupling between the n2 and n4
vibrational levels. Note that, due to this process that mixes
the wave functions, line mixing will occur not only within
the n2 and n4 bands, but also between these two vibrational
transitions.
Correct modeling of absorption by methane–nitrogen
mixtures in the n2 region at elevated density hence raises
very difficult theoretical problems. Indeed, a much more so-
phisticated line-coupling model first needs to be built in
which the effect of the Coriolis coupling must be accounted
for correctly. A possible solution may lie in approaches de-
rived from the infinite order sudden approximation.15 This is
not an easy task, since it first requires the calculation of the
basic parameters Q(L ,M a ,M b) that are the fundamental pa-
rameters of this approach, but also a full knowledge of the
CH4 rovibrational wave functions. Besides modeling of the
collisional shape of the n2 transitions, another question is
related to the background contribution whose physical origin
remains unclear. Measurements at low temperature and pres-
sure, giving information on dimer absorption, would be of
interest. Furthermore, much help may be brought by theoret-
ical predictions, provided a satisfactory potential surface can
be found, both on collision-induced absorption and van der
Waals contributions.
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